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Tolerance to lipopolysaccharide (LPS) is part of the host’s strategy to avoid harmful excessive inflam-
mation in the presence of Gram-negative commensals and pathogens. Macrophages are the major
cells endowed with this property, allowing them to limit expression of proinflammatory genes while
maintaining efficient antimicrobial functions. In a recent paper, Foster et al. (2007) demonstrate that
this subtle balance is established and imprinted via epigenetic regulation.Lipopolysaccharide (LPS) is a major
phosphoglycolipid component of the
outer membrane of Gram-negative
bacteria. Through its endotoxin activ-
ity, LPS is perceived by the infected
host as a primary pathogen-associ-
ated molecular pattern (PAMP) eliciting
various responses via activation of the
Toll-like receptor 4 (TLR4) complex, in-
cluding the production of proinflamma-
tory cytokines such as TNFa, IL-1b,
and IL-6. If produced at an appropriate
level, these cytokines and an array of
chemokines that orchestrate the re-
cruitment of inflammatory cells can
efficiently eradicate infecting Gram-
negativepathogens.However, inmam-
mals and particularly in humans, ex-
cessive production of innate effectors
upon stimulation of TLR4 by endotoxin
can produce exaggerated systemic in-
flammation, in some cases leading to
septic shock and death. How is the un-
controlled inflammatory skid avoided?
Endotoxin/LPS tolerance is consid-
ered one of the major control mecha-
nisms that maintain the inflammatory
response in check and on a proper tra-
jectory. LPS tolerance is not a recent
discovery; it was serendipitously ob-
served in the 1930s when repeated in-
jections of the whole-cell typhoid vac-
cine were used to slow the evolution
of cerebral syphilis. Scientists then
observed that increasing doses of the
vaccine were required to obtain a pyro-
genic effect of similar intensity. Soon,
the concept of LPS tolerance was
framed, clearly establishing the link
between LPS and cells of the ‘‘reticulo-
endothelial system’’ (Beeson, 1947).244 Cell Host & Microbe 1, June 2007 ª2Based on this initial landmark obser-
vation, the new paradigm of LPS toler-
ance continued to be further refined to
reflect that (1) immune competence
can be recovered, but only after sev-
eral weeks following LPS injection,
and (2) antibodies are not required,
therefore eliminating the hypothesis
of endotoxin neutralization by the
host humoral response. Soon, toler-
ance was reproduced in cultured mac-
rophages exposed to LPS, indicating
that a purely cellular mechanism of de-
sensitization was involved. The cell
could find in itself the resource to reg-
ulate its response, a fine example of
self-control, but was it ‘‘en bloc’’ sup-
pression of the cellular response to
LPS, a process that would make little
sense with regards to the sustained
need to fight the infecting pathogen,
or a more discriminative process of
cellular adaptation? Recent evidence
also indicates that LPS tolerance oc-
curs immediately after birth due to
very early LPS exposure of nonmye-
loid cells such as intestinal epithelial
cells that are poised to be permanently
exposed to the commensal bacterial
flora (Lotz et al., 2006). LPS tolerance
may therefore also be a critical feature
of homeostasis and not just a safety
device during infection.
The bases of LPS tolerance have re-
mained obscure until recently. Several
observations have helped to begin ra-
tionalizing the concept. First was the
demonstration that levels of major
mediators of the innate response pro-
duced following macrophage expo-
sure to LPS, such as TNF-a, are signif-007 Elsevier Inc.icantly decreased upon development
of tolerance. This provided excellent
readouts to study the tolerance pro-
cess and also soon revealed its
complexity. Regulation seemed in-
deed rather discriminative, with TNFa,
CSF, and IL-6 being completely sup-
pressed in mice undergoing rechal-
lenge with LPS, whereas interferons
and IL-1 were only partially affected
(Erroi et al., 1993). LPS tolerance
therefore progressively emerged as
a process characterized by its purely
cellular nature, largely, although not
exclusively, focused on monocytes/
macrophages, capable of discrimina-
tion, and strangely endowed with
some degree of memory. This re-
mained an exciting enigma in a fast-
evolving field marked by the discovery
of TLRs and the demonstration that
TLR4 is actually the LPS sensor (Pol-
torak et al., 1998). After the discovery
of TLRs, many research groups imme-
diately started to identify the compo-
nents of the signaling cascade lead-
ing to TLR4-dependent activation of
proinflammatory genes. This occurs
largely via activation of the NF-kB
pathway, but through the adaptor
MyD88/TIRAP-dependent andMyD88-
independent/TRIF/TRAM pathways.
This immediately provided a possibility
for selective retrocontrol since only
the MyD88-independent/TRIF/TRAM
pathway, via the transcription factor
IRF-3, controls expression of type 1 in-
terferons (Hoebe et al., 2003). Capitaliz-
ing on this accumulating knowledge,
some scientists also started to deci-
pher the potential pathways leading to
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matory mediators and possibly the in-
duction of anti-inflammatory mediators
such as IL-10 and TGF-b.
A constellation of potential feed-
back mechanisms quickly emerged
(see review by Fan and Cook [2004]).
Whereas expression of the LPS-bind-
ing proteins CD14 and MD-2 is un-
changed or upregulated, TLR4 can
be transiently suppressed. Levels of
the postreceptor signaling proteins,
including IRAK and MyD88, can be
altered. Protein content and activity
of signaling components including
PKC, MAP kinase, and AP-1 can be
decreased. However, as anticipated,
not all signaling proteins and pathways
are suppressed in tolerance, and
some of them actually appear to be
induced, particularly those involved
in anti-inflammatory functions, such as
IRAK-M, SOCS-1, and SHIP. In addi-
tion, at the nuclear level, increase in
the NF-kB subunit p50 homodimers
and increased activation of the nuclear
receptor PPARg have been linked to
tolerance phenotype.
The model that currently emerges is
therefore one in which LPS tolerance
can no longer be considered a simple
program of retrocontrol of the genes
that have been induced by primary ex-
posure of cells to LPS. It is a complex
network leading to downregulation of
some, but not all, of the proinflam-
matory pathways and upregulation of
certain anti-inflammatory pathways.
This is likely to represent a subtle bal-
ance allowing control of the deleteri-
ous effects of unchecked inflammation
while maintaining efficient antibacte-
rial activity—a million-dollar question
for system biologists.
However, even though it may not ac-
count for the diversity of factors ob-
served, could it be that there is a some-
what unifying process in LPS tolerance
that would imprint an established pro-
gram of gene regulation? In an exciting
new study, Medzhitov and coworkers
(Foster et al., 2007) address this issue
and originally contribute to a unifying
theory. Using an in vitro system of
LPS tolerance induction in macro-
phages, the authors analyzed the
pattern of gene expression during
tolerance and identified two classes
of TLR4-dependent genes: nonrein-duced genes (also called tolerizable
genes, or class T), including proinflam-
matory genes, and a second group of
genes that remained transcriptionally
inducible (nontolerizable genes, or
class NT), whose pattern of expression
was strongly biased toward antimicro-
bial genes. Strikingly, however, while
NT genes are a class of genes induc-
ible in both naive and tolerant macro-
phages, transcriptional activation of
a subgroup of them appeared to be in-
duced faster, and to a greater extent
at the tolerization step, suggesting
that tolerant macrophages have been
primed during the first LPS stimulation.
Therefore, even though major signal-
ing pathways, such as activation of
MAP kinases and NF-kB, are altered
in tolerant macrophages, class NT—
but not class T—genes remain highly
reactivatable in these cells.
What could be the molecular mech-
anism driving such transcriptional
plasticity? The transcriptional status
of a gene is tightly linked to the struc-
ture of chromatin. The authors there-
fore examined whether differential
transcriptional regulation between the
two classes of genes could be related
to epigenetic mechanisms. The NH2
termini of the four core histones (H2A,
H2B, H3, and H4) protrude out of the
nucleosome, making them available
for a variety of covalent posttransla-
tional modifications, including acety-
lation, phosphorylation, and methy-
lation. These covalent modifications
account for a ‘‘histone code’’ that gen-
erates specific docking sites for pro-
teins regulating chromatin structure
and gene transcription. The authors
examined global histone H4 acetyla-
tion and trimethylation of histone H3
at K4, which mark the permissive chro-
matin state, and the subsequent
recruitment of BRG1, the catalytic
subunit of the chromatin remodeling
complex SWI/SNF at the promoter
sites. In class T genes, before LPS re-
stimulation, the modifications of his-
tones that had been induced by the
first LPS stimulation were lost, and
BRG1 was not recruited. By contrast,
in NT genes, before LPS restimulation,
histones modifications induced by the
first LPS stimulation persisted, at even
higher levels in tolerant macrophages
as compared to unstimulated cells.Cell Host & MicrobThese data suggested that a permis-
sive chromatin state existed prior to
LPS restimulation in class NT genes
but not in class T genes, this priming
leading to higher levels of histone
modifications and faster recruitment
of BRG1 during restimulation in toler-
ant macrophages. As a result, NT
genes are converted into primary
genes in tolerant macrophages, re-
flected by the demonstration that
expression of NT genes in tolerant
macrophages—but not in naive mac-
rophages—was insensitive to protein
synthesis inhibitors. Interestingly,
pharmacological inhibition of tran-
scription abolished the priming of
class NT genes in tolerant macro-
phages, suggesting that an unidenti-
fied gene product (or products) ex-
pressed in response to the first LPS
administration may be essential for
opening chromatin structure.
This study raises two major points.
First of these is the exciting concept
of a nonheritable transcriptional mem-
ory based on epigenetic mechanisms
as a novel molecular model for control-
ling transient gene activation that will
lead to a ‘‘switch’’ of secondary NT
genes into primary genes during mac-
rophage tolerance. The molecular
mechanism (or mechanisms) for this
phenomenon is still unknown but
seems to depend on a key component
of the chromatin remodeling complex,
possibly BRG1 itself, since this chro-
matin remodeling enzyme is recruited
by LPS stimulation of the NT genes in
tolerant macrophages in an inducible
fashion. In that sense, it might differ
from the transcriptional regulation of
early primary responsive genes in
which BRG1 promoter association is
constitutive and largely LPS indepen-
dent, suggesting that for those genes,
chromatin structure is already
‘‘opened’’ before LPS stimulation by
the SWI/SNF complexes (Ramirez-
Carrozzi et al. 2006). Involvement of
SWI/SNF complexes in epigenetic reg-
ulation of the NT genes remains to be
established, but one can speculate
that a selective mechanism must exist
for recruiting chromatin remodeling en-
zymes at the selected promoter. This
leads to the second major point of the
study, that is, gene selectivity illus-
trated by the fact that the cell ise 1, June 2007 ª2007 Elsevier Inc. 245
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structure of a defined set of genes,
namely the NT but not the T genes.
This could be achieved by the ability
of the enzymatic complexes responsi-
ble for histone modification to be
directly recruited at the promoter site,
as evidenced by the stable association
of MAP kinases with the chromatin
covering their target genes (Pokholok
et al. 2006). Additionally, one can
speculate that enzymatic activities
controlling epigenetic modifications
are promoter specific mainly because
these enzymes associate with proteins
that allow their activity to be targeted to
specific genomic regions. This could
explain why global pharmacological in-
hibition of histone acetyltransferase
activity selectively blocks the ability of
dendritic cells to produce Th1-type
cytokines like IL-12 but not Th2-type
cytokines (Brogdon et al. 2007). The
molecular identity of the enzymatic ac-
tivities responsible for epigenetic mod-
ifications of the class T and NT genes
should provide invaluable targets for
the control of these genes.Sex in Broad Da
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Cryptococcus spp. are potential
communicable. In this issue of
Cryptococcus in association wit
These results may have wide sig
in human disease foci.
The human immune system is well
adapted to deal with fungal infections
and is the primary reason that humans
are rarely plagued by this diverse
collection of often fast growing and
omnipresent organisms. Fungi tradi-
tionally cause rare incidence of hu-
man disease compared with bacteria,
246 Cell Host & Microbe 1, June 2007 ªIn conclusion, the Foster et al. (2007)
study shows that TLR4 signaling tar-
gets the epigenetic machinery to in-
duce selective control of antimicrobial
responses in response to a PAMP. On
the other hand, we recently reported
that a Gram-negative bacterial patho-
gen, Shigella, by injecting a type III
effector, OspF, can induce gene-
specific epigenetic modifications to
subvert the host immune response
(Arbibe et al. 2007). It therefore ap-
pears that pathogenic microbes also
induce epigenetic modifications to
achieve essential regulation of their
host’s innate response. It is, for both,
a matter of survival. It will be interest-
ing to see whether Gram-negative
bacterial pathogens more precisely
alter LPS tolerance by specifically
targeting NT genes.
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